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ANNUAL  PROGRESS  REPORT 


Grant#:  NOOO 14-96- 1-0729 

PRINCIPAL  INVESTIGATOR:  Dr.  Timothy  J.  Deming 
INSTITUTION:  University  of  California  at  Santa  Barbara 
EMAIL:  tdeming@engineering.ucsb.edu 

GRANT  TITLE:  High  Performance  Underwater  Adhesives:  Synthetic  Analogs  of 
Marine  Mussel  Cement  Proteins. 

REPORTING  PERIOD:  1  June  1996-31  May  1997  ( 12  months) 

AWARD  PERIOD:  1  June  1996  -  31  May  1999 

OBJECTIVE:  To  chemically  synthesize  and  characterize  polymeric  materials 
possessing  the  characteristics  of  marine  adhesive  proteins  which  can  be  prepared  in  large 
scale  with  consistent  composition  and  control  over  their  physical  properties. 

APPROACH:  We  are  developing  methods  which  will  allow  us  to  synthesize 
copolypeptides  and  other  copolymers  which  contain  side-chain  functional  groups  (e.g. 
catechol  and  primary  amine)  that  are  present  in  natural  adhesive  proteins.  It  is  thought 
that  residue  sequence  in  adhesive  proteins  may  be  less  important  than  the  functional 
groups  displayed  by  these  polymers.  We  are  preparing  a  range  of  different  copolymers  to 
probe  the  effects  of  the  composition  and  sequence  of  these  functional  groups  on  adhesive 
and  crosslinking  behavior.  Model  studies  are  also  being  undertaken  to  gain  mechanistic 
insight  into  the  roles  of  the  putative  active  protein  components  in  crosslink  formation. 

ACCOMPLISHMENTS  tLAST  12  MONTHS!:  Using  the  known  compositions  of 
many  natural  adhesive  proteins,  we  have  prepared  statistically  random  copolypeptides 
containing  the  amino  acid  residues  thought  to  be  active  in  adhesive  formation.  We  have 
synthesized  our  copolymers  by  polymerization  of  select  a-amino  acid  N-carboxy 
anhydrides  (NCAs)  using  strong  base  initiators.  We  initially  prepared  binary 
copolypeptides  of  L-lysine  and  L-DOPA  containing  compositions  of  the  two  monomers 
ranging  from  0  to  50  mole  percent  DOPA.  These  polymers  were  found  to  be  soluble  in 
aqueous  buffers  over  a  wide  pH  range  (ca.  2  -12).  We  have  also  prepared  ternary 
copolypeptides  containing  the  amino  acids  L-serine  and  L-alanine  in  addition  to  DOPA 
and  lysine.  The  serine  and  alanine  residues  were  inserted  to  act  as  spacers  for  the 
functional  groups  thought  to  be  active  in  adhesive  formation.  To  analyze  crosslinking 
ability,  we  monitored  the  rheological  behavior  of  aqueous  solutions  of  the  copolymers  as 
functions  of  monomer  composition,  pH,  and  oxidizing  agent.  The  oxidizing  agents 

utilized  were  mushroom  tyrosinase,  O2,  KIO4,  H2O2,  and  Fe(H20)6^'^.  The  oxidizing 
agents  were  expected  to  convert  the  catechol  functionalities  of  the  DOPA  residues  into  o- 
quinone  units  which  are  believed  to  be  responsible  for  a  variety  of  crosslinking  reactions. 
By  variation  of  the  oxidizing  agent  and  pH,  we  were  able  to  obtain  systems  where  gel 
formation  times  could  be  adjusted  from  seconds  to  hours.  In  conjunction  with  these 
experiments,  we  have  conducted  adhesion  measurements  to  correlate  gel  formation  with 
adhesive  strength.  Initial  measurements  using  steel  and  aluminum  adherends  have  shown 
that  molecular  oxygen  is  a  very  effective  oxidizing  agent  for  formation  of  strong  bonds, 
where  cure  time  can  be  adjusted  by  variation  of  solution  pH.  In  terms  of  polymer 
composition,  the  simple  binary  copolymer  containing  lysine  (71%)  and  DOPA  (29%) 
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forms  the  strongest  adhesive  bonds  with  the  adherends  we  have  tested  so  far  (tensile  shear 
strength  =  1650  psi  on  aluminum). 

SIGNIFICANCE:  In  work  done  so  far,  we  have  demonstrated  that  simple  binary 
copolypeptides  of  statistically  random  sequence  can  effectively  act  as  functional  mimics 
of  marine  adhesive  proteins.  More  detailed  studies  are  clearly  necessary,  however,  our 
preliminary  results  indicate  that  simple  polymers  bearing  catechol  and  amine  functional 
groups  possess  good  moisture  resistant  adhesive  properties.  Another  significant  outcome 
of  our  work  has  focused  on  the  role  of  oxidant  on  crosslink  and  adhesive  formation.  We 
have  found  that  the  nature  of  the  oxidant,  as  well  as  the  reaction  conditions  used  for 
polymer  oxidation,  are  key  parameters  for  successful  adhesive  bond  formation.  In  a 
broader  context,  our  results  show  that  simple,  inexpensive  copolymers  have  considerable 
potential  as  commercially  viable  moisture  resistant  adhesives  for  both  industrial  and 
biomedical  applications. 

WORK  PLAN  INEXT  12  MONTHSI:  (1)  Adhesive  strength  was  found  to  vary  greatly 
with  copolymer  composition.  It  likely  also  varies  with  molecular  weight.  We  will 
prepare  copolymers  of  different  molecular  weights  to  analyze  this  behavior.  This 
information  will  be  combined  with  our  data  relating  to  monomer  composition,  pH,  and 
oxidizing  agents  to  determine  optimized  adhesive  systems.  (2)  The  test  adherends  used 
so  far  are  not  the  most  relevant  for  potential  applications  of  these  materials.  We  will 
develop  methods  for  measuring  adhesive  bonding  to  more  porous  and  hydrophilic 
materials  (e.g.  bone  for  biomedical  applications),  and  also  examine  the  moisture 
resistance  of  these  adhesive  bonds.  (3)  We  have  already  begun  some  mechanistic 
studies,  using  small  molecules,  to  probe  the  reactions  of  o-quinone  functional  groups  with 
themselves  and  other  species  (e.g.  primary  amines)  to  understand  the  adhesive  and 
crosslinking  processes.  These  studies  will  be  pursued  in  earnest  to  gain  insights  into 
quinone  reaction  chemistry  so  that  more  efficient  adhesive  materials  can  be  prepared.  (4) 
hi  effort  to  further  simplify  these  adhesives,  we  are  preparing  catechol  and  amine 
functionalized  copolymers  using  inexpensive  acrylate  and  methacrylate  backbones.  It  is 
expected  that  the  functional  side-chains  will  impart  moisture  resistant  adhesive  properties 
to  these  wholly  synthetic  materials  as  well. 
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